INTRODUCTION
Genomic imprinting is an epigenetic process that marks the parental origin of a subset of genes, resulting in the silencing of one or other allele. The concept of genomic imprinting is recent, dating back to the mid-1980s, and came from the results of experiments in the mouse. Using pronuclear transplantation, it was shown that both a maternal and a paternal genome were required for development of an embryo past mid-gestation. [1] [2] [3] Furthermore, it was proposed that the maternal and paternal genomes must be imprinted or marked during gametogenesis so that they behaved differently, and this is why both parental genomes are required for normal development. 1 The other approach was a genetic one, which showed that anomalous, opposite phenotypes (imprinting effects) could occur in mice with uniparental disomy or uniparental partial disomy for the regions concerned. 4, 5 The finding that imprinting effects were localised to particular regions of chromosomes led to the conclusion that genes within these regions must function differently according to parental origin. 4, 5 
IMPRINTING REGIONS
For the most part, imprinting regions have been mapped using mice with uniparental partial disomy. In mouse genetics, uniparental partial disomy has always been called maternal or paternal duplication (denoted MatDp and PatDp, respectively), and these definitions will be used here (see ref. 6 for approved nomenclature). Mice with such genotypes can be generated by inter-crossing heterozygotes for reciprocal translocations and recognised by using visible marker genes. 4, 5 A complication with reciprocal translocations is that two chromosomes are involved and so a mouse that is MatDp for one chromosome region must be PatDp for the other. Thus, when imprinting effects were found, it was not clear which of the two chromosomes was involved, and the matter could only be resolved by carrying out further tests with different translocations involving the same region of one or other of the chromosomes involved. 5 Over the years, every mouse autosome has been screened in this way. Imprinting effects have been found for seven of them, localised to 13 regions ( Figure 1 ). An imprinting map, constructed and maintained at Harwell, 7 shows the regions of mouse chromosomes that, when inherited uniparentally, give rise to mice with imprinting effects. The effects are diverse and are made up of growth defects, lethalities and behavioural anomalies ( Figure 1 ). There are some examples of diminished growth, and other examples in which growth is enhanced; mice which are MatDp for proximal chromosome 11 -MatDp(prox11) -are growth retarded, whereas mice that are PatDp(prox11) are growth enhanced. 4, 5 Both these growth effects occur prenatally and are maintained postnatally. Furthermore, placental size is also affected, being increased in PatDp(prox11) but decreased in MatDp(prox11). Thus, MatDp(prox11) offspring are small as foetuses with small placentae, a phenotype found with uniparental inheritance of several imprinting regions. Other examples are MatDp(prox7) and MatDp(dist7), which also result in retarded growth of both foetus and placenta. Growth effects may be specific to postnatal stages, seen, for example, in mice that have paternal duplication for central 7 (shown as AS on Figure 1 ) and in mice that are MatDp(dist9) (B. M. Cattanach, C. Beechey and J. Peters, unpublished data). Lethality is a common imprinting effect and is associated with a number of imprinting regions. Lethalities have been found at both early and late prenatal stages, at birth and at later postnatal ages ( Figure 1 ). Abnormal behaviour occurs in mice with uniparental inheritance of distal chromosome 2 and was one of the earliest imprinting effects seen; in early postnatal stages, mice that are PatDp(dist2) are hyperactive whereas mice that are MatDp(dist2) are hypoactive. 4, 5 Over 70 imprinted genes have now been found, split fairly evenly between maternally and paternally expressed genes, and almost all map to the imprinting 
METHODS FOR ISOLATION OF IMPRINTED GENES
Imprinted genes in the mouse have been found by several fundamentally different methods. These include surveys to identify genes on the basis of differential expression or to identify epigenetic marks that differ according to parental origin. Genome-wide surveys, as well as those restricted to selected imprinting regions, have been undertaken. Other methods involve the identification of candidate genes and analysis of imprinted clusters. Many imprinted genes occur in clusters so that once one imprinted gene had been assigned, others have been found by investigating the expression status of neighbouring genes. Several of these clusters -eg in central and distal chromosome 7 and on chromosome 12 -are now known to contain more than ten imprinted genes ( Table 1) . In some cases, this organisation has been shown to reflect the control of imprinted expression of genes by one or more imprinting control elements.
Screens based on differential expression
Subtraction hybridisation Systematic screens for imprinted genes have been undertaken using parthenogenetic (lacking a paternal genome) and androgenetic (lacking a maternal genome) embryos. Subtraction hybridisation experiments in which complementary DNA (cDNA) from androgenotes has been subtracted from cDNA from normal embryos have been used as a means of finding exclusively maternally expressed genes (called Megs). 8 Similar experiments with parthenogenotes have been undertaken to find paternally expressed genes or Pegs. 9-11 One of the difficulties in working with both androgenetic and parthenogenetic embryos is that only a minority survive until mid-gestation and so only small amounts of material are available. Polymerase chain reaction (PCR) amplification has therefore been included in the protocol to increase the amount of cDNA available for subtraction. Both known and novel imprinted genes have been found using these techniques, the novel ones being Mest (Peg1), Pw1 (Peg3), Nnat (Peg5) and Grb10 (Meg1). [8] [9] [10] [11] An alternative approach has been to use mouse embryonic fibroblast cell lines established from parthenogenotes and androgenotes. The parent of origin pattern of expression of an imprinted gene is stably retained in such cell lines. 12 These have been used in cDNA subtraction hybridisation experiments to identify two new paternally expressed genes: Zac1 on chromosome 10 and Sgce on proximal chromosome 6. 12 
Differential display
Differential display has been used to identify several new imprinted genes unlinked to previously described clusters. The paternally expressed genes neuronatin (Nnat) 13 and Rian 14 were found by comparing differential display patterns in androgenetic and parthenogenetic embryos. A variant of the technique called allelic message display, in which the Over seventy imprinted genes are known Differential expressions can be used to identify imprinted genes Table 1 : Imprinted genes in the mouse and methods by which they were first isolated Ã expression of multiple polymorphic transcripts from two different parental strains and reciprocal F1 hybrids and backcrosses are compared, was used to identify the paternally expressed gene Impact on chromosome 18. 15 In a further development of the strategy, RNAs derived from two closely related species of North American deermice were used to identify Dlk1 16 and Gatm. 17 These two species show a high degree of interspecies variation, making them particularly useful for screens that depend on allelic differences. 18 
Microarrays
The latest development in screens based on expression differences has been the use of microarrays. [19] [20] [21] The advantage of microarray screening is that thousands of annotated genes can be screened at one time. Indeed, a recent report describes the use of large-scale microarrays comprising nearly 28,000 FANTOM2 full-length mouse cDNA clones to look for imprinted transcripts. 21 Probes prepared from PatDp and MatDp material, 22 and also from parthenogenetic and androgenetic embryos, 20, 21 have been used to find new and previously described imprinted genes. Thus, two new paternally expressed candidate genes that map to proximal chromosome 7 were found, 22 along with Asb4 on proximal chromosome 6, Dcn on chromosome 10 and Ata3 on chromosome 15, 20 and two new non-coding transcripts that map to the region of mouse chromosome 7 that is orthologous with the Prader-Willi region on human chromosome 15.
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Several known imprinted genes were not recovered in these screens even though they were present in the microarray clone set. 21, 22 Ins1 and Impact were not detected probably because they were not expressed at the developmental stage used to prepare the probes. 21 Likewise, Ube3a was probably not found because the probe was not specific enough; it was prepared from whole brain, but Ube3a is imprinted in relatively few cells. 22 It may be concluded that screens based on expression differences have been highly successful but may not be fully comprehensive. This is because imprinted expression may be tissue or even cell specific, confined to specific developmental stages or the transcripts may be low abundance, making them difficult to detect. Another limitation is that screens based on expression differences may also detect differentially expressed downstream targets as well as imprinted genes. 20, 22 Screens based on differential methylation
Screens for imprinted genes that are independent of expression status have also been devised. Imprinted genes are differentially marked according to parental origin. It has been possible to create screens based on epigenetic properties that distinguish the maternallyand paternally-derived alleles. Almost all imprinted genes are associated with regions of differential methylation (DMR) 23 and, to date, all known differentially methylated regions are linked to one or more imprinted genes. Furthermore, these DMRs are generally maintained in somatic tissues regardless of expression status and this epigenetic feature has been exploited in the design of two further methods to find imprinted genes. Two screens -restriction landmark genome scanning (RLGS) and methylation-sensitive representational difference analysis (Me-RDA) -have been devised to compare the methylation status of maternally-and paternallyderived alleles.
RLGS
RLGS involves a landmark cleavage of genomic DNA with a rare-cutting restriction enzyme, such as NotI, that is methylation sensitive. This is followed by further restriction digestion to reduce fragment size and separation by twodimensional (2D) electrophoresis. This methodology has been applied to mouse reciprocal F1 hybrids and to human Epigenetic properties can be used to identify imprinted genes parthenogenetic and androgenetic material, resulting in the first identification of the imprinted genes U2af1-rs1 24 and Rasgrf1 25 in the mouse and ZAC/PLAGL1 26 and XLAES 27 in humans. Yet, since rare-cutting methylation-sensitive restriction enzymes are used, only a subset of DMRs can be scanned in each RLGS screen (and hence only a subset of imprinted genes can be recognised). Use of a rare cutter is necessary in order to reduce the number of spots on the 2D gel to a manageable level.
Me-RDA
In Me-RDA, a frequent-cutting methylation-sensitive restriction enzyme is used so that a greater number of DMRs can be monitored in each experiment. Subtractive hybridisation follows in order to obtain fragments representing the unmethylated alleles. MatDps and PatDps, for chromosomal regions of interest, and parthenogenetic and androgenetic embryos, for genome-wide screens, can be used to generate starting material for these experiments. Genomic DNA from MatDps and PatDps is digested with an enzyme such as HpaII which cannot cut at methylated sites, thus an unmethylated allele should generate smaller HpaII fragments than a methylated allele. The smaller unmethylated HpaII fragments can be amplified by PCR to produce 'amplicons', whereas the methylated fragments are too large for efficient amplification. The amplicons are used in the subtractive hybridisation (amplicons from MatDp material can be subtracted from those from PatDp and vice versa) to enrich for fragments unmethylated in one source (MatDp or PatDp), but methylated in the other. This technique has been successfully applied to the isolation of DMRs from the imprinted regions in distal chromosome 2, resulting in the identification of two new imprinted genes Nesp and Gnasxl. 28,29: This method has also been used in a genome-wide screen, leading to the identification of three new imprinted genes -Nap1l5, Peg13 and Slc38a4 -as well as a number of previously identified imprinted genes. 30 Screens based on differential epigenetic marks have therefore also been highly effective in isolating imprinted genes, although RLGS, in particular, is technically demanding. The survey methods have been outstandingly successful in isolating the first identified imprinted gene in an imprinting region, such that the first imprinted gene to be assigned to ten of the 13 imprinted regions has been found from these surveys: seven from surveys based on differential expression and three on the basis of methylation differences (Table 1) .
Candidate genes and mutants
The first imprinted gene ever detected, insulin-like growth factor type 2 receptor (Igf 2r), was found in 1991 using a candidate gene approach 31 following fine mapping within T hp , the T hairpin tail deletion, on proximal chromosome 17 in the known imprinting region. Maternal inheritance of T hp was known to lead to embryonic lethality. Four genes were assigned to the deletion region and one of these, Igf 2r, was expressed from the maternally-derived chromosome, but not the paternally-derived chromosome and was thus imprinted.
Snrpn, the first imprinted gene assigned to the region in central chromosome 7, was also found by the candidate gene approach. Snrpn was found to map to a region of mouse chromosome 7 that was homologous to human chromosome 15q11-13, implicated in Prader-Willi syndrome and Angelman syndromeboth imprinted disorders. 32 It was first considered to be a candidate on the basis of its map position and was then shown to be imprinted.
Insulin-like growth factor II (Igf 2) -a potent growth factor -was the first imprinted gene to be assigned to the region on distal chromosome 7. It was shown to be imprinted from work with a null allele in which it was demonstrated that transmission of a null allele through the male resulted in growth-retarded
Screens based on differential methylation
Imprinted genes have been found using a candidate gene approach offspring, whereas transmission through the female gave rise to offspring of normal size. 33 
Analysis of clusters
Over one-half of the known imprinted genes have been found from detailed analyses of the immediate vicinity of imprinted genes which are already known. These analyses were enhanced, initially, by the building of physical maps of the mouse and human genomes then by sequencing specific imprinted regions and, finally, by the public availability of sequence data for the whole genome. A bioinformatics approach has been used as a first step in the identification of a large imprinted cluster in proximal chromosome 6. This resulted in the identification of four new imprinted genes (Peg10, Neurabin, Pon2 and Pon3) in a 1 megabase region.
34: A number of novel imprinted genes have been found from comparative sequencing -an approach whose validity is based on the observation that, for the most part, genes that are imprinted in one mammal are imprinted in others. [35] [36] [37] [38] [39] [40] 
FUNCTIONS OF IMPRINTED GENES
Imprinted genes are involved in a variety of cellular processes and perform a variety of functions, but there is no common theme. For example, some imprinted genes are transporters (Slc22a2, Slc22a3, Slc38a4, Kcnq1, Copg2, Tssc5 and Obph1), while others are involved in ubiquitinrelated pathways (Ube3a and Usp29), cell cycle control (Zac1 and Cdkn1c), transcription (Zim1 and Mash2), Gprotein-coupled receptor signalling (Gnas, Calcr and Htr2a), intracellular signalling cascades (Asb4, Rasgrf1 and Grb10) and creatine synthesis (Gatm). Others are involved in endocrine/paracrine pathways that influence both pre-and postnatal growth and development (Ins1, Ins2, Igf 2, Igf 2r, Rasgrf1, Grb10 and Gnas).
Information concerning the biological function of imprinted genes can be gained from observations of the phenotypes found in mutants. These mutations are mainly null alleles induced by targeting, but some have arisen from random mutagenesis. From such studies, it has been found that many imprinted genes affect growth prenatally and/or postnatally ( Table 2 ). These findings are not unexpected, given the phenotypes that have been found in MatDp and PatDp mice ( Figure 1 ). As Table 2 shows, loss of function mutations in genes that are paternally expressed frequently result in growth reduction, whereas loss of function mutations in maternallyexpressed genes lead to growth enhancement. One seeming exception is Gtl2, which is maternally expressed but where loss of function leads to growth reduction. In this case, it is thought that the mutation, a transgene insertion upstream of Gtl2, may lead to silencing of the closely linked and paternallyexpressed Dlk2.
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Such findings are predicted by the well-known parental conflict hypothesis, which attempts to account for the evolution of imprinting. 77 This theory predicts that there will be conflict between parental genomes in mammalian breeding strategies in which females mate with multiple males. In such circumstances, it is in the interests of the mother to share her resources among her offspring so each has an equal chance of survival; however, it is in the interests of the father that his offspring use resources from the mother at the expense of other offspring with different fathers. The theory predicts that maternally-expressed genes will be growth suppressing and paternally-expressed genes will be growth enhancing.
Non-coding RNA
Over 25 per cent of imprinted genes determine non-coding RNAs and these can be subdivided into several categories (Table 3) Evidence that anti-sense RNA genes are involved in repressing expression of sense genes in cis is accumulating. Air is involved in silencing both the paternallyderived Igf 2r allele it overlaps and two other paternally-expressed genes that it does not overlap; 96 thus, Air acts bidirectionally. Similarly, Kcnqot1 is involved in bi-directional silencing in distal chromosome 7. 85 The anti-sense microRNAs, mir-127 and mir-136, appear to act in a different manner and may have a role in the post-transcriptional regulation, but not in the imprinting, of Rtl1. 90 The relationship between H19 and the reciprocally imprinted proteincoding gene Igf 2 is very different, with a DMR that can act as a boundary upstream of H19, playing an important role in the control of expression of H19 and Igf 2. 97, 98 In this example, the non-coding H19 RNA does not appear to have a causal role in silencing Igf 2, but arises as a result of silencing Igf 2.
Since the discovery of genomic imprinting nearly 20 years ago, much progress has been made in isolating and characterising imprinted genes. Some considerable progress has also been made in unravelling the mechanisms whereby the expression of imprinted genes is regulated. The challenge of identifying the full complement of imprinted genes still remains. Non-coding RNAs are a feature of imprinted genes Non-coding RNAs regulate imprinted gene expression
